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Bud dormancy is the primary mechanism by which the many perennial weeds escape
herbicidal and mechanical control. We developed a 2,654-element Euphorbiaceae
cDNA microarray using 1,886 sequenced cDNAs from the model perennial weed
leafy spurge, 384 cDNAs from cassava, and 384 control genes from other plant,
animal, and bacterial species. This array was used to follow changes in gene expres-
sion in root buds of leafy spurge following loss of paradormancy. The differential
expression of several genes previously identified as being induced following loss of
paradormancy was confirmed by microarray analysis. In addition, genes encoding an
asparagine synthase, a phosphate-inducible protein, and a curculin-like (mannose-
binding) lectin family protein were found to be rapidly up-regulated upon loss of
paradormancy. Several genes involved in flavonoid biosynthesis were found to be
rapidly down-regulated upon loss of paradormancy. The potential impact of flavo-
noid biosynthesis on auxin transport in response to bud growth is discussed.

Nomenclature: Leafy spurge, Euphorbia esula L. EPHES; cassava,

Key words: Bud dormancy, cell cycle, growth, cyclins.

Leafy spurge is an economically important perennial weed
that causes substantial losses to ranchers, farmers, and land
managers because of reduced grazing and control costs. Al-
though biocontrol agents for controlling leafy spurge have
been effective in some areas, in most places, herbicide treat-
ments or selected grazing by goats and sheep are still the
primary means of control. The latter often proves ineffective
for long-term eradication because leafy spurge is capable of
reproducing through the development and maintenance of
adventitious shoot buds located on the lateral roots of the
plant (often referred to as root buds). Once formed, the
buds enter a paradormant state and remain viable until they
are released from dormancy by loss of the aerial portion of
the plant. Various studies have indicated that the growing
aerial shoot produces two signals that inhibit the growth of
leafy spurge root buds (Horvath 1998, 1999; Horvath et al.
2002). One signal appears to be auxin produced in the
growing shoot apices and young leaves, and the other signal
appears to be sugar produced in the mature photosynthesiz-
ing leaves, which acts through gibberellic acid (GA) and
abscisic acid signaling pathways (Chao et al. 2006; Horvath
1999). The leaf-derived signal appears to act through the
plant hormone GA to inhibit cell division in the root buds
by blocking the G1-to-S phase of the cell cycle (Horvath et
al. 2002, 2005). The auxin signal likely acts indirectly
(Cline 1991). Recently, orthologous carotene dioxygenases
encoded by RMS1 from pea (Pisum sativum), MAX4 from
arabidopsis (Arabidopsis thaliana), and DAD1 from petunia
(Petunia hybrida) have been shown to play a central role in
auxin perception and correlative inhibition (paradormancy)

(Foo et al. 2005; Snowden et al. 2005; Sorefan et al. 2003).
Studies on leafy spurge and arabidopsis suggest the auxin
signal acts to inhibit cell division and developmental pro-
cesses in root buds at a point after the G1-to-S phase tran-
sition of the cell cycle (del Pozo et al. 2005; Horvath et al.
2002).

Although the primary signals regulating the inhibition of
root bud growth have been elucidated (Horvath et al.
2003a), little is known about the cellular processes that re-
spond to these signals or the physiological events that occur
to allow growth and development of the growing root buds.
Several observations, such as the greening of root buds and
the induction of the light-harvesting chlorophyll-binding
protein (LHCB) gene following loss of paradormancy, have
indicated that changes in photomorphogenesis must occur
in order for the new shoots to grow (Anderson and Horvath
2000; Anderson et al. 2005; Horvath 1998). Likewise, the
induction of genes such as SHOOTMERISTEMLESS fol-
lowing loss of paradormancy suggests that other develop-
mental pathways are activated (Varanasi et al. 2005). These
‘‘one-gene-at-a-time’’ approaches based on obvious physio-
logical processes are useful, but they are insufficient for gath-
ering data on the multitude of processes that are likely to
occur to both initiate and sustain growth of root buds fol-
lowing loss of paradormancy. Unbiased searches for differ-
entially expressed genes using techniques such as differential
display–polymerase chain reaction (PCR) offer some ability
to identify unsuspected physiological processes. However,
such techniques are often time consuming and expensive
because the resulting fragments are often small and thus
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require additional cloning and sequencing of longer cDNAs
before the putative gene function can be assigned.

Microarray analysis is a powerful method for identifying
changes in physiological responses and activation–deactiva-
tion of signal transduction pathways following a given treat-
ment. Recent reports have indicated that both heterologous
hybridization to either cDNA and long oligonucleotide ar-
rays can be an effective means of identifying tens to hun-
dreds of differentially expressed genes from poorly charac-
terized weed species such as leafy spurge (Horvath et al.
2003b), wild oat (Avena fatua L.) (Horvath et al. 2003c),
and horseweed [Conyza canadensis (L.) Cronq.] (Basu et al.
2005). However, heterologous hybridizations have several
limitations, including reduced hybridization specificity and
increased potential for cross hybridization between gene
family members, and the requirement that hybridizing genes
must be cloned and sequenced to confirm their identity.
Thus, we have undertaken the development and use of
cDNA microarrays consisting primarily of leafy spurge genes
to study the developmental processes involved in growth
induction of leafy spurge root buds following loss of para-
dormancy.

Materials and Methods

Plant Material and RNA Extractions

Plant material, treatments, RNA extraction, and northern
blotting procedures used for these experiments have previ-
ously been described (Horvath et al. 2002). Briefly, single-
stem plants were grown in Sunshine mix1 in 5- by 21-cm
cones in a greenhouse under a 16-h photoperiod with sup-
plemental lighting. Root buds were collected at 0 (control),
12, 24, 48, and 72 h following excision of all plant parts
above the base of the crown. Buds for all time points were
harvested between 8:00 and 10:00 A.M. (approximately 2 to
4 h after artificial lights were turned on), frozen in liquid
nitrogen, and stored at 280 C until RNA extractions were
performed. Total RNA was isolated from root buds using a
modification (Horvath et al. 2002) of the pine tree extrac-
tion method (Chang et al. 1993).

Microarray Design and Hybridization

Microarrays used for these experiments were developed
by Centro Internacional de Agricultura Tropical using 1,886
partially sequenced cDNAs (ESTs [expressed sequence tags])
representing 271 contigs and 1,147 singletons produced
from a cDNA library of root buds collected from leafy
spurge 3 d following excision of the aerial portions of the
plant (Anderson and Horvath 2001). It should be noted that
such treatment induces growth in only 40 to 60% of the
buds and thus the library likely contains genes expressed in
both growing and dormant buds (D. P. Horvath, unpub-
lished observations). Additionally, 384 cassava cDNAs and
384 cDNAs from other plant, animal, and bacterial se-
quences at various concentrations or with non-DNA–con-
taining spotting buffer were included as controls (López et
al. 2005). The data discussed in this article, along with de-
tailed information on the microarray design and layout, have
been deposited in the National Center for Biotechnology
Information’s Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo/) and are accessible through

GEO Series accession number GSE2786. All leafy spurge
cDNAs were spotted randomly and in triplicate, and the
cassava and control cDNAs were spotted randomly and in
duplicate, resulting in 7,296 features on the array. Probe
preparation and hybridization procedures were done essen-
tially as described by Schaffer et al. (2001). Microarray slides
were pretreated by baking at 80 C for 3 h and rehydrated
by brief steaming on the slides (by holding over a 70 C
water bath). Slides were then cross-linked with ultraviolet
light at 60 mJ cm22 using a Hoefer UVC500 cross-linker.2
Slides were prehybridized for 5 min at 76 C. Briefly, 40 ml
of prehybridization solution was placed on the arrays and a
cover slip was added. Prehybridization solution consists of
48% formamide,3 3.23 SSC, 0.4% SDS,4 and 23 Den-
hardt’s solution (see Sambrook et al. 1989 for formulas of
SSC and Denhardt’s solutions). After prehybridization, the
slide and cover slip were placed at an angle upside down in
distilled water until the cover slip fell off. Both slide and
cover slip were then dipped successively in 70 and 100%
ethanol and air dried before hybridization. One hundred
micrograms of total RNA was reverse transcribed in the
presence of Cy3- or Cy5-labeled dCTP according to Schaf-
fer et al. (2001). Briefly, 15.5 ml of total RNA was mixed
with 3 ml of oligo dT23V (2 mg ml21), heated to 70 C for
10 min, and then cooled on ice. Then 14.5 ml of RT (re-
verse transcription) cocktail (6 ml 53 Superscript II buffer,
3 ml 0.1 M dithiothreitol, 0.5 ml dNTP mix [25 mM dATP,
dTTP, dGTP, and 9 mM dCTP]), 2 ml Cy3- or Cy5-labeled
dCTP,5 2 ml Superscript II,6 and 1 ml RNasin7 (40 U ml21)
were added to each reaction and incubated for 2 to 4 h at
42 C. The reaction was halted and RNA was removed by
adding 10 ml of a 0.5 M NaOH/5 mM EDTA solution and
heating to 60 C for 20 min followed by neutralizing with
20 ml of a 1 M Tris solution (pH 7.4). The labeled cDNA
was purified using a QIAquick PCR Purification Kit8 as per
the manufacturer’s protocol. Labeled cDNA was freeze-dried
and resuspended in hybridization buffer (26.4 ml water, 3.75
ml yeast tRNA [2 mg ml21], 7.65 ml 203 SSC, and 7.2 ml
2% SDS). Hybridization was carried out overnight at 60 C
in a humidified chamber as previously described (Horvath
et al. 2003b). The resulting arrays were washed according
to Schaffer et al. (2001) and scanned on an AFFY428 chip
reader.9 Feature identification and intensity analysis were ac-
complished using the Jaguar software package9 supplied
with the chip reader. A reverse-labeling hybridization
scheme was designed to compare two biological replicates
for each time point (from 0 to 72 h) to a single standard
control sample.

Microarray Data Analysis
Features that produced poor signal intensities in both

channels and all blank and nonplant control features were
discarded. The remaining feature intensity values were cop-
ied and pasted into a MEF file format developed for use in
the MIDAS microarray analysis software package developed
and provided freely by TIGR (http://www.tigr.org/software/).
The resulting file was Loess normalized and standard devi-
ation regularized to produce the final hybridization ratios of
control vs. treated expression values for each element (fea-
ture) on the array. The average and standard deviation of
normalized feature ratios for each cDNA was determined
(for all six features from leafy spurge clones or four from
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TABLE 1. List of genes representing a significant pattern of differential expression. Blue values are those showing a significant pattern of
differential expression at the designated time point. P-values determined by Student’s T-test comparing expression ratios for individual
genes verses the expression ratio for all of the genes from array hybridizations at each time point.

cassava and control clones from both biological replicates).
cDNAs with greater than a 1.5-fold difference in expression
and with standard deviations greater than twofold of the
average were reinvestigated to determine if the variant fea-
tures were the result of background or hybridization abnor-
malities. If the features were shown to be unreliable, the
data points from those features were discarded and the ratios
were reaveraged for those cDNAs. The remaining data for
each clone were subjected to a Student’s t test to identify
clones with significant differential expression by comparing
the ratios for all features from any given clone to the ratios
of all the features on the array (Supplemental Data Table 1;
http://www.ars.usda.gov/sp2UserFiles/Place/54420510/
supplementaldatafile1.xls). Clustering and tree visualization

were accomplished after log normalization and average link-
age clustering using the free software by Eisen (1998).

Northern Hybridization

Total RNA was separated on denaturing agarose gels and
blotted according to standard techniques (Sambrook et al.
1989). DNA probes were prepared by PCR amplification of
designated cDNAs followed by isolation of the resulting
band after separation on agarose gels. Probes for all clones
were amplified from previously isolated and sequenced
cDNAs using primers developed either specifically for the
genes (flavone 3-hydroxylase genes, chalcone synthase, and
leucoanthocyanidin oxygenase) or using primers developed
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FIGURE 1. Northern analysis of several genes identified as being up- or
down-regulated in root buds of leafy spurge following loss of paradormancy.
RNA from two independent sets of buds for each time point following
defoliation (in hours) was blotted and sequentially hybridized to radio-
labeled cDNA fragments from expressed sequence tags (ESTs) representing
chalcone synthase (ChS), leucoanthocyanidin oxygenase (LAD), flavone 3-
hydroxylase (F3H), curculin-like (mannose-binding) lectin family protein
gene (CLP), histone H3 (HH3), asparagine synthase (APS), and phosphate-
inducible protein gene (PIP). The ethidium-stained RNA from the blotted
gel is shown as a loading control.

to amplify the inserted cDNA from the cloning vector (all
other probes). Probes were radio-labeled with 32P and hy-
bridized to the blots (53 SSC/50% formamide2 at 42 C).
Blots were washed four times at room temperature in 23
SSC, 0.2% SDS for 5 min each and then two times at 65
C for 15 min each. The resulting hybridizations were vi-
sualized by autoradiography or on a Packard Instant Imag-
ert.10 Linearity was maintained for all of the images pre-
sented.

Results and Discussion

Overall Patterns of Differential Expression on
Microarray

Microarray analysis was used to identify signaling path-
ways and putative differentially expressed genes in leafy
spurge root buds during the transition from paradormancy
to growth. All time points from 0 to 72 h were compared
to a single reference sample of paradormant buds, resulting
in directly comparable gene expression patterns (GEO series
accession number GSE2786). It should be noted that the
number of repetitions for these experiments provides insuf-
ficient statistical power to convincingly ascertain changes in
expression of any individual gene. However, these experi-
ments proved to be sufficient for identifying clusters of co-
ordinately regulated genes indicative of specific changes in
identifiable physiological processes. For example, although
differential expression of both chalcone synthase and chal-
cone–flavone isomerase is not statistically significant, some
differential expression was observed for these genes (Supple-
mental Data Table 1; Figure 1). Yet other genes involved in
the same pathway (flavone 3-hydroxylase and leucoantho-
cyanidin oxygenase) showed differential expression at a sig-
nificant level (Table 1; Figures 1 and 2). Thus we can be
confident that signals regulating this physiological response
are acting in root buds as they are released from parador-
mancy. It is equally likely that some genes listed as signifi-
cantly differentially expressed are false positives, and only
clusters of differentially expressed genes known to be coor-
dinately expressed or to act in a common physiological re-
sponse should be considered likely to represent true changes
in gene expression.

The results indicated that the 24-h time point displayed
the greatest number of differentially expressed genes. Inter-
estingly, there were also a large number of differentially ex-
pressed genes at the 0-h time point. This was surprising
because the control sample was also isolated from root buds
collected independently at a 0-h time point. It is also note-
worthy that none of the significantly differentially expressed
genes at 0 h were found to be differentially expressed at a
significant level in the same manner (i.e., both up or both
down) at 12 h (Table 1). Although the reason for this is not
known, there have been unpublished observations that in-
dicate some induction of growth-regulated genes may occur
in otherwise paradormant buds. In fact, northern hybridiza-
tion of the 0-h control and one of the 0-h time points
showed substantial expression of HISTONE H3, indicating
that some uncontrolled environmental or developmental
factor may have induced some loss of paradormancy in these
samples (Figure 1). However, when the plants were defoli-
ated, the gene expression pattern stabilized, and more genes

were identified that showed consistent patterns of expression
through adjacent time points (Table 1).

Signaling Pathways Identified by Cluster Analysis

Cluster analysis was performed on the averaged gene ex-
pression data (Figure 2). As expected, signaling pathways
regulating cell cycle progression, GA responses, and photo-
morphogenesis appeared to be activated by defoliation. The
observed up-regulation of cell cycle and photomorphogen-
esis genes following growth induction in root buds has been
previously reported and discussed (Anderson and Horvath
2000, 2001; Horvath et al. 2002).

Identification of Genes Expressed Preferentially in
Growing Buds

Among other genes that were shown to be significantly
up-regulated upon dormancy release was a gene with ho-
mology to glycoprotein EP1 in Arabidopsis, which functions
as a curculin-like (mannose-binding) lectin family protein
similar to S-glycoprotein from birdsrape mustard (Brassica
rapa L.) (CLP). Primers were designed to amplify this gene
from the EST collection, and the resulting fragment was
used as a probe for northern blot hybridization (Figure 1).
The results of this hybridization indicated that it was up-
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FIGURE 2. Representative sections of the cluster analysis from the normalized ratios of microarray data. Blue indicates increased expression relative to
paradormant control tissue, and green represents decreased expression relative to paradormant control tissue. Green arrows point toward genes involved in
photomorphogenesis, black arrows point toward genes involved in cell division, purple arrows point toward rapidly induced genes, and red arrows point
toward flavonoid biosynthesis genes.

regulated within 12 h following defoliation, thus confirming
the microarray data for this gene. Interestingly, the predicted
functional category of this gene from Arabidopsis suggests
it plays a role in signal transduction processes (http://mips.
gsf.de/cgi-bin/proj/thal/searchpgene?code5At1g78830).
There are five similar genes in the Arabidopsis genome. Two
pairs of genes, At1g78820/At1g78830 and At1g78850/
At1g78860, are organized as tandem repeats on Chromo-
some 1 with a single F-box protein gene separating these
two pairs, and another similar gene (At1g16900) also locat-
ed on Chromosome 1 approximately 6.2 Mb away. Expres-
sion data are available for three of the five CLP genes from
Arabidopsis (all expression data for these and other Arabi-
dopsis genes are accessible through the Arabidopsis Infor-
mation Resource microarray elements link at http://www.
arabidopsis.org/tools/bulk/microarray/index.jsp). Two of the
genes (At1g78850 and At1g78860) appear to be primarily
circadian regulated. The third one (At1g78830), which is
most similar to the leafy spurge EST, appears to be prefer-
entially expressed in growing and differentiating tissues

(Supplemental Data Table 2; http://www.ars.usda.gov/
sp2UserFiles/Place/54420510/supplementaldatafile2.xls).
Many of the treatments in which At1g78830 is differentially
expressed, such as overexpression of KNOTTED1, were pre-
viously identified as treatments that cause differential expres-
sion in other growth-regulated genes from leafy spurge
(Horvath et al. 2003b).

Two other consistently and rapidly up-regulated genes
(Figure 1) encode an asparagine synthase (APS) and a phos-
phate-inducible protein (PIP). Putative orthologues of these
genes (At3g47340 and At5g64260, respectively) are also co-
ordinately regulated with At1g78830 in Arabidopsis in re-
sponse to cytokinin, and both are preferentially expressed in
growing shoot tissues of Arabidopsis (Supplemental Data
Table 2). The putative Arabidopsis orthologue of APS is also
suspected of being down-regulated in response to sugar lev-
els (Fujiki et al. 2001). This expression pattern is consistent
with previous studies on root buds of leafy spurge that sug-
gest sugar can negatively impact root bud growth (Chao et
al. 2006) and that the drop in sugar levels (or loss of pho-
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tosynthesis) is perceived by the buds shortly after defoliation
(Horvath et al. 2002).

Identification of Genes Expressed Preferentially in
Paradormant Buds

Cluster analysis also indicated a general inhibition of
pathways involved in flavonoid biosynthesis, as shown by
the significant down-regulation of several flavone 3-hydrox-
ylase genes (F3H), a chalcone synthase (ChS), a chalcone–
flavone isomerase (CFI), and a leucoanthocyanidin oxygen-
ase gene (LAD) (Figure 2). To confirm the differential ex-
pression of the flavonoid biosynthesis genes, primers were
developed to specifically amplify several of these genes and
subsequently used as probes for northern analysis (Figure 1).
The results of these experiments clearly indicated that the
flavonoid biosynthesis genes encoding LAD and F3H are
down-regulated within 12 h following growth induction.
Interestingly, preliminary semiquantitative RT–PCR studies
indicate that flavonoid biosynthesis appears to be up-regu-
lated to control levels by 4 to 5 d following growth induc-
tion (data not shown). This observation may indicate that
differential regulation of these genes, following loss of para-
dormancy, is due to their response to signals involved in
dormancy breaking, but not growth status of the buds.

The down-regulation of flavonoid biosynthesis following
growth induction in adventitious buds was previously un-
known, and the functional significance of this down-regu-
lation will require further study. There are reports in the
literature suggesting that flavones can inhibit auxin transport
(Brown et al. 2001; El Euch et al. 1998; Jacobs and Rubery
1988; Murphy et al. 2000). In axillary buds of several spe-
cies, auxin production increases upon release of buds from
paradormancy (Gocal et al. 1991; Stafstrom and Sussex
1988). This increase in auxin production and subsequent
transport to the distal regions of the plant results in growth
inhibition of distal buds (sometimes referred to as apical
dominance). Consequently, one possible hypothesis is that
flavonoid biosynthesis needs to be inhibited upon dormancy
release to allow polar auxin transport for suppression of
growth in more distal buds. This hypothesis is strengthened
by observations suggesting polar auxin transport must be
initiated before bud elongation (Morris 1977). If this hy-
pothesis is confirmed, it may provide a target mechanism to
release all viable buds from dormancy and allow for more
effective weed control.

Sources of Materials
1 Sunshine mix potting soil, Fisons Horticulture Inc., 110 110th

Avenue N.E., Suite 490, Bellevue, WA 98004.
2 Hoefer UVC500 cross-linker, Amersham Biosciences Corp.,

800 Centennial Avenue, P.O. Box 1327, Piscataway, NJ 08855-
1327.

3 Formamide (F7508), Sigma-Aldrich Co., P.O. Box 952968, St.
Louis, MO 63195.

4 Sodium dodecyl sulfate (15525-017), Invitrogen Life Technol-
ogies Inc., 1600 Faraday Avenue, Carlsbad, CA 92008.

5 Cy3 and Cy5 dCTP, Amersham Biosciences, 800 Centennial
Avenue, Piscataway, NJ 08855.

6 Superscript II, Invitrogen Corporation, 1600 Faraday Avenue,
P.O. Box 6482, Carlsbad, CA 92008.

7 RNasin, Promega Corp., 2800 Woods Hollow Road, Madison,
WI 53711.

8 QIAquick PCR Purification Kit, QIAGEN Inc., 27220 Turn-
berry Lane, Valencia, CA 91355.

9 Affy428 scanner and Jaguar software, Affymetrix, Inc., 3380
Central Expressway, Santa Clara, CA 95051.

10 Packard Instantimager, Packard Instrument Co., 2200 War-
renville Road, Downers Grove, IL 60515.
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López, C., M. Soto-Suárez, S. Restrepo, B. Piegu, R. Cooke, M. Delseny,
J. Tohme, and V. Verdier. 2005. Global transcriptome analysis of cas-
sava responses to Xanthomonas axonopodis pv. manihotis infection using
a cassava cDNA microarray. Plant Mol. Biol. In press.

Morris, D. A. 1977. Transport of exogenous auxin in two-branched dwarf
pea seedlings (Pisum sativum L.): some implications for polarity and
apical dominance. Planta 136:91–96.

Murphy, A., W. A. Peer, and L. Taiz. 2000. Regulation of auxin transport
by aminopeptidases and endogenous flavonoids. Planta 211:315–324.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular Cloning. 2nd
ed. New York: Cold Spring Harbor Laboratory Press. Pp. B.13 and
B.15.

Schaffer, R., J. Landgraf, M. Accerbi, V. V. Simon, M. Larson, and E.
Wisman. 2001. Microarray analysis of diurnal and circadian-regulated
genes in Arabidopsis. Plant Cell 13:113–123.

Snowden, K. C., A. J. Simkin, B. J. Janssen, et al. 2005. The Decreased
apical dominance1/Petunia hybrida CAROTENOID CLEAVAGE
DIOXYGENASE8 gene affects branch production and plays a role in
leaf senescence, root growth, and flower development. Plant Cell 17:
746–759.

Sorefan, K., J. Booker, K. Haurogné et al. 2003. MAX4 and RMS1 are
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